Mobile phone use is increasing but there is also concern for adverse health effects. Well-designed prospective studies to assess several health outcomes are required. In designing a study of mobile phone use, it is important to assess which factors need to be considered in classifying the exposure to radiofrequency fields (RF). A pilot study was performed in Sweden and in the UK 2002 to 2003 to test the feasibility of recruiting a cohort of mobile phone users from a random population sample and from mobile phone subscription lists for a prospective study. As one part of this pilot study, different factors were evaluated regarding possible influence on the output power of the phones. By local switch logging, information on calls made from predefined subscriptions or dedicated handsets were obtained and the output power of phones during calls made indoors and outdoors, in moving and stationary mode, and in rural as well in urban areas were compared. In this experiment, calls were either 1, 1.5 or 5 min long. The results showed that high mobile phone output power is more frequent in rural areas whereas the other factors (length of call, moving/stationary, indoor/outdoor) were of less importance. Urban and rural area should be considered in an exposure index for classification of the exposure to RF from mobile phones and may be assessed by first base station during mobile phone calls or, if this information is not available, possibly by using home address as a proxy.
Introduction
The use of mobile phones is increasing worldwide, but there is also a growing concern that long-term exposure to radiofrequency fields (RF) from the phones may cause adverse health effects. Biological effects at exposure levels below current reference levels (ICNIRP, 1998) have been reported in some experimental studies have also been questioned (Dawe et al., 2006) and (de Pomerai et al., 2000; Leszczynski et al., 2002) , but the possible health relevance of these effects is unclear. Some epidemiological studies have indicated an increased risk of malignant brain tumors (e.g. glioma (Auvinen et al., 2002) and astrocytoma (Hardell et al., 2006) ) or acoustic neuroma (Hardell et al., 2002; Lo¨nn et al., 2004a) in mobile phone users, although most other studies on cancer are negative (Ahlbom et al., 2004) . In addition, methodological limitations in some of these studies make any conclusions speculative.
A prospective cohort study has been given high priority in the WHO health research agenda for RF (www.who.emf) as it may avoid some of the problems in the case-control studies (e.g., recall bias) and will allow for investigations of several outcomes. Scientific recommendations for such a study were also included in the AGNIR report (AGNIR, 2003) . However, a very large cohort would be required to have sufficient statistical power to detect small or moderate increases in adverse health effects. The study design must provide means of recruiting subjects and accurately assessing, possibly repeatedly, exposure at a minimum cost and with as low dropout rates as possible.
Exposure to RF is usually described by the ''Specific Absorption Rate'' (SAR) (W/kg), that is, the amount of energy that the tissue absorbs per mass and time unit. The corresponding unit for dose is the ''specific absorption'' (SA), which is the SAR integrated over time and thus the total absorbed energy SA (J/kg). Other metrics may also be considered.
For exposure assessment, time spent using the mobile phone is an obvious parameter that needs to be estimated. Another potentially important factor is the output power of the phone, which is directly related to the exposure level and absorbed dose, and may vary by a factor of 1000 during calls. The base station will regulate the output power of the mobile phone depending on the received signal strength (adaptive power control (APC)). Factors that may influence the power control are the distance between hand set and base station and attenuation of the signal, the length of calls (the phone transmits on the maximum allowed power level at the onset of each call), and change of connecting base station, ''handover'' (the phone will temporarily increase output power when connecting to a new base station). Handovers will be made when the mobile phone is moved from one cell covered by one base station to another cell, but may also occur on demand from the base station owing to a high load on the network at busy hours.
The distribution of the absorbed energy in the head will vary by the design of the phone and to which side of the head it is held (laterality). Furthermore, use of hands free equipment may reduce the amount of absorbed energy in the head considerably (more than a 90% reduction) (BitBabik et al., 2003) .
In order to optimize the design of a prospective cohort study of mobile phone users and health a pilot study of recruitment and exposure assessment was conducted in collaboration between Imperial College London, UK and Karolinska Institutet, Stockholm, Sweden. Assessing exposure levels during everyday use would ideally mean considering a large number of factors. In an optimal design for epidemiological studies, factors included should be validated both with regard to influence on intensity of exposure and accuracy in assessment. We report here the part of the pilot study, which assessed the influence on the output power from the mobile phone by the call-related factors urban/rural area, indoor/outdoor setting and stationary/ moving mode during calls.
Methods
Factors of potential relevance for the output power level of the mobile phone and considered possible to assess in epidemiological studies of large groups of mobile phone users, for example, in a cohort study, are listed in Table 1 . In the present study, we investigated the power distributions during calls characterized by the three proxy parameters urban/rural area, indoor/outdoor setting and moving/stationary mode. In Sweden, two calls, one 1 min and one 5 min long, were made immediately after each other between two phones where one phone was used indoors and the other outdoors or one phone moving (in a car) and the other in a stationary outdoor position at the start or end of the car's driving route. The location varied between all pairs of 1 and Influence on output power of mobile phones Hillert et al. Table 2 . In the UK, 1.5 min calls were made between handsets in indoor and outdoor settings while the persons making the calls were either stationary or walking.
min calls. The number of calls is presented in
The conditions described above were monitored in urban as well as in rural areas. Urban areas (central Stockholm and London) included 900 MHz macro and micro cells (in Sweden also1800 MHz macro and micro cells). Rural areas (in Sweden within 150 km north of Stockholm excluding the urban area of Uppsala, and in Buckinghamshire in the UK) had only 900 MHz macro cells. The distance between base stations in the Swedish urban area of Stockholm is approximately 350 m and in the Swedish rural area 4000 to 8000 m. In the UK, these distances were approximately 300 m (urban) and 44000 m (rural). Macrocell base stations are the main infrastructure for a mobile phone network. These antennas are usually mounted relatively high on freestanding towers in order to cover a larger surrounding geographical area. The output power is between 10 and 150 W. Microcell base stations, usually mounted on the walls of buildings, are used to add additional capacity where there are a high number of users, for example, in cities. The output power from micro-cell base stations is typically between 1 and 2 W. Calls were made 8 a.m. to 3 p.m. and 5 to 8 p.m. in Sweden, and 9 a.m. to 6 p.m. in the UK.
Data on output power control were obtained by logging of this information at the local switch (software feature Mobile Traffic Recording (MTR); sampling interval 480 ms) for calls made from a specified GSM (Global System for Mobile Communication) subscription in Sweden (TeliaSonera) using ordinary mobile phones (Ericsson T200). In the UK two specially adapted Ericsson 5888 phones were used and monitored by Vodafone at their test center. The mobile phones were used in handheld position to the head during calls. Calls from moving cars were made by a passenger in the car. The data on power (P) is presented in dBm, which is a logarithmic equivalent to Watt and expresses the increase or decrease in power relative to the reference power of 1 mW: dBm ¼ 10 log P=P ref For example, 1 mW is equal to 0 dBm, and the maximum output power at 2 W is equivalent to 33 dBm. GSM 900 (power class 4) has a nominal maximum output power of 33 dBm (2 W) and a lowest output power of 5 dBm (3.2 mW). The corresponding power control levels used in APC consists of 15 steps from power level 5 (33 dBm) to power level 19 (5 dBm), each step reducing the ouput power by 2 dB. For GSM 1800 there are 16 steps ranging from power control level 0 (30 dBm, 1 W) to power level 15 (0 dBm, 1 mW).
The results in an earlier study in Italy (Ardoino et al., 2004) showed that mobile phones, despite of APC, used the highest output power levels about half the time during calls.
Considering this information and the fact that the highest level for GSM 1800 is only half of that of GSM 900 (1 W compared to 2 W), the energy transmitted during the time that the phone is working at the maximum peak power 2 W was considered to be most relevant for exposure classification. We therefore chose the proportion of the total call time (the total call time including time on the 900 MHz band as well as the 1800 MHz in Sweden) that the phone is transmitting on 2 W (GSM 900) to be the parameter of interest in the comparisons of the different calling conditions. In addition, we analyzed the proportion of time with peak power 1 W or higher, regardless of frequency band (900 or 1800 MHz).
Results
The main systematic influence on the output power level during calls was observed with regard to the geographical factor urban or rural area (Figures 1 and 2) . The difference was most pronounced for calls made in outdoor settings. The proportion of time with output power of 2 W was about four times as high for rural compared to urban calls in Sweden and five times higher in the UK. The relative difference between indoor and outdoor settings was larger in urban than in rural areas. Calls made from a phone in a moving car gave a result between indoor calls and outdoor calls with regard to influence on the output power. The output power distribution of 1 and 5 min calls in Sweden differed only marginally.
The results of the analyses of proportion of time (all call time, including 900 and 1800 MHz) with output power more or equal to 1 W were similar (not shown) to those for 2 W. The relative order of the proportion of time corresponding to the different conditions was similar for 1 W or more and 2 W, but the absolute differences were smaller (e.g., in Sweden: the proportion of calling time with output power 1 W or more during 1 min indoor calls were 28% in the urban and 73% in the rural area). The proportion of time at the four lowest power levels (0-5 dBm, i.e., 0.001 to 0.003 W) showed an inverse pattern (Figures 3-5) , 49% of the total call time (at both 900 and 1800 MHz) for 5 min calls from an outdoor location in an urban area and less than 1% in a rural area in Sweden. In the UK, no calls had any time at the four lowest power levels in the rural area and 25% of the calling time was at these levels in the urban area (Figures 6 and 7) .
Discussion
The study revealed large variations in the proportion of time that the phone transmitted at the highest power levels depending on where the call was made. The urban/rural factor was associated with the largest systematic difference in the output power distribution. Rural location during calls was shown to increase the proportion of time at an output power of 2 W by a factor of more than four compared to urban locations. This is in agreement with the results reported by Lo¨nn et al. (2004b) . They analyzed the power distribution for all calls connected to base stations in a specified rural, small urban, suburban and city area, respectively, during 1 week. In that study, the proportion of time at 2 W was twice as large in the rural area as compared with the city area. In a German validation study that was part of the INTERPHONE study, using the mobile 
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Figure 2. Proportion of total call time (including 900 and 1800 MHz) that the phones operated at maximum output power (peak power 2 W) during calls made under varying conditions in the UK.
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phone mainly in the city had no effect on estimates of the cumulative power by the number of calls (Berg et al., 2005) . Similarly, an Italian study found that the difference between urban and rural areas was quite small, whereas the factors stationary-moving and outdoor-indoor were more predictive of the average power emitted by the mobile phones (Ardoino et al., 2004) . One reason for these differences in the German and Italian results and our own in Sweden and the UK may be that the difference between rural and urban areas might be smaller in the rather densely populated area Northrheinwestfalia in Germany, as discussed by Berg and co-authors, as well as in Italy. These differences also raise the question as to what is the most relevant information in order to classify exposure with regard to possible biological effects, for example, the time at the highest output power versus the average power emitted by the phones. Additional ways to characterize the power emitted by mobile phones in different conditions and in different countries are discussed by Wiart (2000) . They propose, in addition to mean values, for example, the level crossing rate (which represents the number of crossings over a given signal level per unit of time) as a second-order statistic.
We chose to focus on the proportion of call time that the mobile phones operate at the maximum power level of 2 W in our comparisons of output power for calls made under different conditions. There are, as mentioned above, several other ways to compare the exposure to RF and it cannot be ruled out that different analyses may come to different conclusions. At the moment, we do not have any scientific basis to decide which parameter is the most relevant for Figure 6 . Proportion of time that the phones operated at the respective output power levels during UK urban 1.5 min calls, 900 MHz (33 dBm ¼ 2 W).
exposure classification with regard to possible biological effects. Considering the power distributions for the different conditions (see Figures 3-7 ) in our study we do, however, feel that there is sufficient support for the conclusion that the urban/rural factor provides the largest influence on the output power of the factors we studied in Sweden and the UK. Rural areas are characterized by a low density of base stations, for example, the distance between the phone and the base station during a call is usually greater than in urban areas. It has been suggested (Wiart et al., 2000; Ardoino et al., 2004 ) that attenuation of the signal by houses and obstacles as well as many handovers may create a demand for higher output power in more densely populated areas but according to our results this is of less importance.
We did not analyze the influence of time of the day or weekdays compared to weekends in our study. The time of day may be of importance as there are more handovers between base stations during ''busy hours'' that will influence the output power of the phones. In the study by Lo¨nn et al. (2004b) the results showed similar output power level distributions for different time periods with the exception of the suburban area. In the suburban area the proportion of signals with output power at 2 W was about 50% higher during weekends, but still lower than the corresponding proportion for the rural area.
The operators decide how the output power of the mobile phone is adjusted during calls. Reducing the output power during a call will save battery energy and reduce the risk of interference with calls from phones connected to base stations in adjacent cells, but too low power may jeopardize the quality of the signal. Depending on how these and other factors are weighed, different operators will design the APC in different ways. Consequently, the distribution of time spent on different power levels during calls may differ between different countries and also between operators within the same country. In our study, the results from two different operators in Sweden and in the UK did agree regarding the relative importance of the different conditions, but more studies are needed to determine whether the conclusions in our study are more generally applicable to other countries and operators. Our results also indicate some differences, for example, higher output power in the UK. For example, the output power of the phones was at 2 W almost all the time in the UK rural area whereas the proportion of time at 2 W was less than 70% in Sweden.
The factor urban/rural area is fairly easily assessed in epidemiological studies compared to the other factors included in our study. Information on whether calls are made in urban or rural areas may be obtained from the operators' records of the first base station the phone is connected to during a call. If this information is not possible to obtain, the home address of the mobile phone user might be used as an indicator of where calls are mainly made, though the validity of home address as an indicator of where calls are made was not tested in this study. In the design for a prospective cohort study that we tested in this pilot study, that is combining information from a short questionnaire and information on calls (traffic data) from the operator, questions on where most calls are made (e.g., at home or at work, in urban or rural areas) may also be included in the questionnaire. Other factors are however also relevant to assess, such as laterality of phone use (left or right side of the head) and use of hands free equipment. This information, as well as confirmation of the subscriber being the principal user of the phone, has to be obtained from the mobile phone user, and this is an additional argument for combining questionnaire and traffic data on calls. The urban/rural factor was the most important determinant of exposure to RF during mobile phone calls of the different conditions that were investigated. The exposure to RF is directly proportionate to the output power. As the output power may vary by a factor of 1000 this is one of the more important factors to determine the intensity of RF exposure.
In conclusion, our study indicates that the factor urban/ rural area should be considered in the work to develop a more refined exposure classification instrument for RF exposure from mobile phones in epidemiological studies.
